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Finite-element analysis of stress in the canine diaphragm. J. Appl. physiol. 76(5): 2070 Appl. physiol. 76(5): -2075 Appl. physiol. 76(5): , 1994 .-Stress in the diaphragm, transdiaphragmatic pressure, and diaphragm shape are interrelated by a balance of forces. Using precise in vivo measurements of diaphragm shape and transdiaphragmatic pressure distribution in combination with finite-element analysis (ANSYS), we determined the direction and magnitude of stress in the passive diaphragm at relaxation volume. Lead spheres sutured along muscle bundles identified muscle bundle location and orientation in vivo. The x, y, and z coordinates of the lead spheres and entire surface of the diaphragm, excluding the zone of apposition, were determined to within 1.4 mm. Thin shell elements were used to construct a finite-element model of the diaphragm with a 2.1-to 4.2-mm internodal spacing. The diaphragm was assumed to have a uniform thickness of 2.5 mm, and magnitude and direction of the principal stresses were computed. The results show that 1) diaphragm stress is nonuniform and anisotropic (i.e., varies both with location on diaphragm surface and direction examined), 2) largest stress ( ol) is aligned with muscle bundles and is two to four times larger than g2 (perpendicular to CT~ in diaphragm plane), and 3) stress along the muscle bundle is larger in vivo under conditions of biaxial stress than at same length in vitro under uniaxial stress. Although diaphragm stress and tension have often been assumed to be uniform, our finding that stress is oriented primarily along the muscle fibers should be considered in future models of the diaphragm. Moreover, the inequality between in vivo stress and stress in an isolated muscle bundle indicates that caution is required when extrapolating in vitro muscle data to the in vivo environment. pulmonary mechanics; respiratory muscle; passive tension
INNUMERABLE INVESTIGATIONS
have sought to gaininsight into in vivo diaphragm function by extrapolating experimental findings from one-dimensional muscle strips to the multidimensional environment, sometimes with the aid of mathematical models of the diaphragm. Current models of the diaphragm contain assumptions about one or more of the basic geometric and mechanical properties of the diaphragm: shape, stress distribution, and material properties. In the simplest model (5, 10, 11, 15) , it is assumed that the tension in the diaphragm is uniform, the shape of the diaphragm is hemispherical, and the relationship between the tension (T), transdiaphragmatic pressure (Pdi), and radius of curvature (R) is governed by Laplace's relationship, Pdi = 2TlR. However, it has been shown (4, 6, 9, 14) that the diaphragm is not a hemisphere and that its shape cannot be described by a single radius of curvature or a curvature that is independent of direction. In a more sophisticated model, Whitelaw et al. (15) assumed tension in the diaphragm is uniform and isotropic, and they computed the shape of a membrane with this stress distribution loaded by a hydrostatic gradient of Pdi. In modeling the diaphragm, the assumption that the stress distribution is simple has been justifiable because nothing was known about the true distribution.
In this paper, we report the stress distribution in the diaphragm in vivo. A simple known pressure distribution was produced by inducing a pneumothorax (PNX) and injecting fluid into the abdomen. The shape of the passive lung-apposed diaphragm was determined from volumetric computerized axial tomography scans. Because a membrane is a statically determinate structure (13), the stress distribution is determined by its shape and loading, independent of its material properties. As a result, by knowing its shape and loading precisely, we could compute the stress distribution in the diaphragm. In addition, several muscle bundles were marked so that the directions of the principal stresses and the direction of the muscle fibers could be compared.
METHODS

Experimental
methods and data acquisition.
In three bredfor-research beagle dogs (8-10 kg), silicone-coated lead markers (1 mm diam) were sutured under sterile conditions to the abdominal surface of the left diaphragm along muscle bundles in five regions of the left hemidiaphragm ( Fig. 1 ). Details have been described previously (12). The experimental protocol was approved by the Institutional Animal Care and Use Committee of the Mayo Foundation.
The markers were used to identify the muscle bundle orientation on the diaphragm surface. After 14-21 days, each dog was anesthetized with intravenous barbiturate (supplemented as necessary during the course of the experiment), intubated with an endotracheal tube (no. 8), and placed supine in the dynamic spatial reconstructor (DSR), a unique fast volumetric computed tomographic imaging device. Airway opening pressure (Pao) was measured with a Validyne DP 9 pressure transducer. The thorax was scanned at hyperventilation-induced relaxation volume (Vrel). To study the diaphragm shape at Vrel with a known Pdi, a controlled isovolume PNX was created and fluid was added to the abdomen as follows. With the respiratory system volume inflated to total lung capacity (Pao = 30 cmH,O), 2-mm-OD polyethylene mushroom-tipped catheters, clamped closed proximal to their tips, were inserted through the right and left chest wall into the pleural space through airtight O-ring seals to prevent PNX. The catheters were secured in place with suture and then connected to the endotracheal tube and pressure transducer (Validyne DP 9) at a Y connector. The absence of PNX was confirmed by fluoroscopy and by constant Pao. The respiratory system was allowed to return passively to Vrel (Pao = 0) with the catheter clamps still in place. A lethal dose of anesthetic was administered with the system sealed at Vrel. To create the isovolume PNX, the catheter clamps were removed to allow air to equilibrate between lungs and pleural space with no change in thoracic cavity volume. Once equilibrium was established, catheter pressure was within 0.5 cmH,O of Pao and the diaphragm was exposed to uniform pleural pressure.
To ensure an abdominal pressure gradient of 1 cmH,O/cm height, a catheter was inserted into the abdomen and 500 ml of Ringer lactate solution was infused. The fluid-filled abdominal catheter was connected to a pressure transducer (Validyne DP 9) placed at known coordinates within the DSR field. The thorax was scanned a second time at Vrel. Signals from the pressure transducers were recorded on a multichannel recorder. Pdi was calculated at the known location by subtracting thoracic from abdominal pressure. The PNX and fluid in the abdomen created a uniform hydrostatic gradient of Pdi. At the completion of the DSR study, the abdomen was opened and the diaphragm was removed in toto. The excised diaphragm was quickly placed in cooled oxygenated Krebs solution (4°C) containing (in mM) 137 NaCl, 4 KCl, 1 MgCl,, 1 KH,OPO,, 12 NaHCO,, 2 CaCl,, and 6.5 glucose. Diaphragm segments containing the rows of markers were removed from the intact diaphragm and immersed in a film of oxygenated Krebs solution at room temperature, and the intermarker distance between each pair of adjacent markers was measured in triplicate with a micrometer. The total row length was referred to as the unstressed or excised row length (I,,,). After I+,, was determined, each bundle was returned to the cooled oxygenated Krebs solution.
To determine each row's passive length-stress relationship, the bundles were placed in an in vitro muscle bath that was filled with Krebs solution, maintained at 37"C, and perfused with 95% O,-5% CO,. Muscle length was adjusted to I,,,, and force and length along the long axis were measured with a force transducer and micrometer during quasi-static uniaxial elongation. Details have been described previously (2). The bundle was removed from the apparatus and blotted dry, the markers were removed, and the bundle was weighed on an analytic balance. Muscle cross-sectional area was estimated by dividing the muscle mass by its length and density (1.056 g/cm3). Passive muscle stress was expressed as force per unit cross-sectional area in units of grams per square centimeter (equivalent to cmH,O). Data were obtained for the ventral row in each dog and both middle rows in dog 1, no middle rows in dog 2, and one middle row in dog 3.
The coordinates of the markers along the diaphragm fibers were determined to within 1.39 mm from the reconstructed DSR images. Several markers can be seen on the diaphragm surface in Fig. 2 . In vivo row lengths were determined by summing the intermarker distances. The diaphragm surface apposed to the PNX was identified and digitized in every 1.39-mm-thick sagittal and coronal slice. Figure 2 shows a typical sagittal and coronal slice. The entire surface was smoothed using a five-point moving average to eliminate small inconsistencies attributed to digitizing one slice at a time. The coordinate data were stored on computer to be used to construct a mesh for finite-element analysis. Finite-element analysis. A mesh of the diaphragm surface with a spacing of 2.1-4.2 mm was constructed from the DSR data (Fig. 3) . Linear interpolation between voxel coordinates spaced 1.39 mm apart was used where necessary. The coordinates of the mesh were entered into the ANSYS (version 4.4, Swanson Analysis Systems) finite-element program. Approximately 700-800 thin shell elements (thickness 2.5 mm; Ref. 7) were used to represent the lung-apposed diaphragm surface, depending on the size of the dog. The load (Pdi) was assumed to vary only in the direction of gravity with a gradient of 1 cmH,O/cm height. Measured at midthorax (at heights of 10.56 and 9.04 cm in the DSR scan field, respectively) Pdi had values of 10.2 and 13.4 cmH,O, respectively, in dogs 1 and 3. The abdominal pressure catheter malfunctioned in dog 2, and Pdi was estimated as 11.8 cmH,O at a height of 9.8 cm, the average of dogs 1 and 3. The diaphragm was considered to be clamped on its periphery, and thus no displacement was allowed on this boundary, but free rotation was permitted. Displacement at the boundary joining the hemidiaphragms was constrained to the sagittal plane. Because of the restricted number of elements allowed in the finite-element program, the right and left hemidiaphragms were analyzed separately. The focus of this paper is to compute the stresses in a diaphragm of a known shape rather than its displacement.
Therefore, material properties were selected such-that displacements between the unloaded and loaded state were negligible. Homogeneous isotropic elastic material properties were used (Young's modulus = 1 X lo8 cmH,O, Poisson's ratio = 0.3). When bending moment and shearing forces can be neglected, the problem of solving for the stress distribution in a thin shell is greatly simplified because the structure is statically determinate and a solution can be obtained with membrane theory (13). The internal forces or stresses of a membrane are independent of the material properties and depend only on the external load (Pdi), the shape of the structure, and its boundary constraints. Thus, if the analysis shows that bending stresses are small, the conditions of membrane theory are satisfied and the tensile and shear stresses computed are independent of the material properties used in the analysis.
We performed a static stress analysis of the diaphragm at Vrel. A static stress analysis is simply a balance of the internal and external forces acting on a stationary structure. Tensile and shear stresses were calculated at each node. The direction and magnitude of the principal (i.e., maximum and minimum) tensile stresses were calculated at the midplane of every element in the mesh.
RESULTS
The tensile and shearing stresses were examined at each node in the diaphragm. Except at the chest wall boundary, the bending stresses were small in comparison to the other stresses, indicating that the diaphragm behaves as a membranelike statically determinate structure. In addition, principal stresses and their vectors were computed to identify the maximum and minimum tensile stresses and their directions of action in each element of the diaphragm structure. Figure 4 shows the results of the finite-element analysis in the three dogs. Figure 4 (top) identifies the direction of the largest principal stress (a,) with thin lines for groups of four to nine ele- ments in the diaphragm mesh. The results are remarkably consistent across the dogs. In the sagittal midline, CJ~ tends to be oriented dorsoventral, and it fans out in the lateral regions.
The coordinates of the lead markers sewn along muscle fibers are connected to indicate the diaphragm fiber orientation. Only the ventral and portions of the middle rows of diaphragm markers are shown (see Fig. l) , because all other lead markers were located in the area of apposition where stress was not examined. For the same reason, the dorsal boundary in Fig. 4 is not the insertion   FIG. 3 . Schematic representation of finite-element mesh of diaphragm surface exposed to isovolume pneumothorax. of the diaphragm on the chest wall but the top of the area of apposition. In general, cri was aligned parallel to the ventral and middle costal diaphragm muscle bundles.
The second principal stress (CL& is oriented at right angles to CQ and is nearly always in the plane of the diaphragm. The magnitudes of principal stresses CJ~ and CJ~ are shown in Fig. 4 (middle and bottom, respectively) with lines of constant stress given in units of centimeters of water (equivalent to g/cm2). Although the limited node capacity of the finite-element program forced us to examine the left and right hemidiaphragms separately, the stresses show good agreement across the midsagittal plane junction. Stresses parallel to the muscle bundles ((TJ are two to four times larger than those across the muscle (a2). The difference between the magnitude of the two principal stresses indicates that the tension in the diaphragm is nonuniform and highly dependent on direction (isotropic). Tensile stress tends to be larger in the region of the central tendon and near the spine. The third principal stress (not shown in Fig. 4 ) acts perpendicular to the diaphragm surface with a magnitude smaller than u1 and c2, on the order of the Pdi.
The in vitro passive length-stress properties during quasi-static uniaxial loading were plotted, and stress was determined at the in vivo row length by interpolation (Fig. 5) . In vivo at functional residual capacity, the costal ventral region was shorter relative to its unstressed L,, than the middle region, consistent with previously published studies (8, 12). Diaphragm muscle row lengths at Vrel with PNX and abdominal fluid were associated with passive stress values of lo-12 and 60-64 cmH,O in the three costal ventral and three middle regions, respectively. Results were remarkably consistent across dogs. Compared with Fig. 4 (middle) , in vitro stress along fibers stretched uniaxially is one-third to one-half of the in vivo u1 stress under biaxial conditions. The elapsed time between the death of the dog and in vitro testing of the last diaphragm bundle was -2 h. Concerned that a 2-h period of anoxia affected our results, we removed four costal diaphragm bundles from an additional dog and determined passive length-tension properties as described in METHODS on the fresh samples at baseline and after a 2-h period of anoxia at room temperature. Results from the four bundles were averaged. Over the muscle length range associated with our experimental condition of Vrel with PNX and abdominal fluid, passive tension increased O-10 cmH,O after the anoxic period (or O-8% of baseline value). As a consequence, we concluded that anoxia did not have a significant influence on our comparisons between in vivo and in vitro stress.
To determine how our experimental interventions affected diaphragm shape, we compared the normal diaphragm surface at Vrel with that after isovolume PNX and abdominal fluid infusion. Contour diagrams of the diaphragm surface at Vrel in the anesthetized dog (Fig. 6 , top) and after PNX and fluid infusion (Fig. 6, middle) illustrate the shape of the diaphragm under these two conditions. Cephalad displacement of the diaphragm after PNX and fluid infusion is shown in Fig. 6 (bottom) . Whereas Margulies et al. (9) reported little change in diaphragm shape at Vrel after an isovolume PNX alone, Fig. 6 shows that the addition of fluid in the abdomen displaced the diaphragm cephalad nonuniformly.
Although these small displacements may have influenced the stress distributions shown in Fig. 4 , the advantage of studying the diaphragm after PNX and fluid infusion was that the Pdi distribution could be precisely evaluated over the diaphragm surface.
DISCUSSION
In summary, our results show that 1) diaphragm stress is nonuniform and anisotropic (i.e., varies both with location on the diaphragm surface and direction), 2) the largest stress (al) is aligned with the muscle bundles and is two to four times larger than CQ (perpendicular to g1 in diaphragm plane), and 3) stress along the muscle bundle is larger in vivo under conditions of biaxial stress than at the same length in vitro under uniaxial stress.
In the finite-element analysis, the applied load to the diaphragm was approximated by a Pdi gradient distributed over its surface. In reality, there are additional local forces acting on the diaphragm where it is attached to the mediastinum, v .ena cava, and liver. These attachments produced small focal irregularities in the diaphragm shape and may account for the minor left-to-right asymmetry in diaphragm stress in Fig. 4 . However, there are no apparent gross discontinuities in the stress computed in these regions.
In our analysis we treated the diaphragm as a membrane of uniform thickness. In truth, its thickness is nonuniform. After correction for thickness, the actual stress experienced by the central tendon would be much higher than in the thicker muscular regions. Regional diaphragm thickness variations have been reported by Margulies (7) and Brancatisano et al. (1) . Even though stresses would be expected to be higher in the thinner more dorsal regions of the costal diaphragm, these regions reside in the dorsal zone of apposition and were not considered in the finite-element analysis. No significant differences in the thickness of the regions apposed to the PNX (Fig. 4, top) were found (7). Furthermore, the thickness in these regions of the diaphragm muscle is -2.5 mm (7), the thickness used in the finite-element analysis. Therefore, the stresses shown in Fig. 4 are representative of the actual stresses in the muscular region of the diaphragm. Stresses along and across the muscle bundles in the ventral region tend to be lower than in the more dorsal regions of the diaphragm studied.
Many investigators have reported estimates of diaphragm tension rather than stress. To facilitate comparison between this study and published observations, it is convenient to compute tension from our stress measurements. Diaphragm tension is equal to stress in the plane of the diaphragm multiplied by diaphragm thickness. In this analysis, because the diaphragm was considered to have uniform thickness (0.25 cm), tension (in units of g/cm) would be equal to 0.25 times the stresses shown in Fig. 4 . A major finding of this study is that tension in the diaphragm is nonuniform and anisotropic. In other words, tension varies with diaphragm region and direction, with the largest tensile forces oriented parallel to the fibers in the muscular region of the diaphragm. Passive diaphragm tension is -35-60 g/cm along the muscle fibers and -10-25 g/cm across the fibers in the plane of the supine dog diaphragm.
Other investigators have estimated passive tension in
